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Artificially constructed levees provide a series of valuable services including flood protection, 
tidal protection, and fresh water storage. Extending the life and status of levees reduces the 
potential for levee failures and enhances their benefits. The objective of this study was to 
improve our ability to predict the sustainability of a levee by examining the character of the 
environment surrounding the levee. Utilizing geographic information systems (GIS), 
approximately 225 kilometers (~140 miles) of levees within the Lower Mississippi River Valley 
are divided into small segments and a series of environmental factors are assigned 
to each levee segment. These factors include, amongst others, the configuration of Quaternary 
Geology with respect to the levee alignment, the hydrogeological nature of the alluvial aquifer 
beneath the levee, and soil physical properties. A binary logistic regression was then applied to 
the dataset to evaluate the correlation between these environmental factors and the 
development of levee distress features (seepage lines and sand boils) and generate a model 
capable of predicting distress features. Results of the logit model were then fed into a multiple 
criteria decision making (MCDM) system to categorize environments into levee sustainability 
groups. 
Results from the logistic regression indicated significant correlation between the 
development of levee distress indicators and four environmental characteristics: paleo channel 
orientation, AASHTO soil classification, normalized difference vegetation index (NDVI), and 
saturated hydraulic conductivity of the soil. The predictive model generated using these 
significant factors was moderately successful, correctly predicting the status of distress feature 
development with up to 62% accuracy. The MCDM system identified forests composed of 
sweetgum, nuttal oak, and willow oak as being highly sustainable for the construction and 
maintenance of levees. Plots of sycamore, pecan, and American elm trees and water bodies 
identified by ecophysiography were rated as the least sustainable environments for levees. With 
additional development, future models may serve as tools to improve our ability to assess, 
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Levees provide a variety of useful services to society. Improving our ability to maintain, 
manage, and design levees provides three important benefits: prolonging the service life of the 
levee, reducing the potential for levee failure, and reducing the loss of capital in the case that a 
failure should occur. A series of high profile flooding events over the past decade within the 
United States has fueled new awareness and interest in the importance of levees. In 2013, the 
American Society of Civil Engineers (ASCE) rated levee infrastructure within the United States 
with a score of “D“. The report concluded that levee conditions tended to be worse than 
expected, and that a direct approach of upgrading all levee systems in order to reduce risk to 
the desired level was not economically feasible (Hermann, 2013). With nearly 200,000 
kilometers (~125,000 miles) of levees in the United States alone, finding alternative methods to 
monitor and maintain them is very important. One alternative is to improve our understanding of 
the relationship between the local environment and the development of features that lead to 
levee destabilization. 
1.1 Statement of Purpose 
The purpose of this study is to evaluate the relationship between environmental 
conditions surrounding a levee and the development of levee distress indicators, specifically 
sand boils and seepage lines. Current strategies for maintaining and designing levees do little to 
account for the interaction between the levee and the surrounding environment. While the 
immediate subsurface is addressed during design and construction, it is hypothesized that the 
character of the surrounding landscape may also play a significant role in determining the 
development of features capable of damaging levee stability.  
1.2  Scope of Research 
The scope of this research includes construction of a multiple criteria decision making 
(MCDM) system that classifies surrounding environments based on the expected impact on 
levee sustainability. The development of distress features along a levee is indicative of damage 
to the effectiveness and stability of the levee. Over the course of their lifetime, levee sections 
which frequently develop distress features would consume more resources for rehabilitation. It 
is hypothesized that there is a correlation between the development of levee distress indicators 
and the surrounding environmental characteristics. Thus, the environments where levee distress 
features typically form would be considered less sustainable for the construction and 
maintenance of levee systems. 
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The MCDM system is comprised of three pieces. First, a geodatabase is constructed 
containing the GIS data of the identified environmental factors and observations of levee 
distress indicators within the study area collected by the USACE. Second, the results of a 
probabilistic statistical classification which provide a probability estimate for the development of 
levee distress indicators based on a series of environmental factors. Third, an analysis of the 







 This chapter provides a brief review of key concepts for this study. Current knowledge 
concerning the interaction between levees and their local conditions is also summarized. This 
information was a critical component for identifying the causative factors and selecting the 
appropriate representative data (Chapter 4).  
2.1 Explanation of Key Concepts 
 Within the United States levees provide a range of services including flood protection, 
tidal protection, and water storage by restricting the ability for water to move freely across the 
landscape. For this study, the definition of a levee is adopted from the USACE Levee Owners 
Manual. According to the manual levees are defined as structures, normally of earth or stone, 
generally built parallel to a river to protect land from flooding (USACE, 2006). In many cases, 
this infrastructure is built atop and surrounded by pervious foundations. During flood events, the 
difference between the hydrostatic pressure in the flooding area (water-side) and the protected 
area (land-side) leads to seepage of water beneath the levee (underseepage). As the water 
moves through the ground, the seepage pressures and flow conditions can initiate subsurface 
erosion and, potentially, failure of the levee. 
Two indicators of this internal erosion are the development of sand boils and seepage 
lines (Kolb, 1975). Sand boils are round, sometimes conical mounds of sand that develop 
around a seep when sand is carried to the ground surface on the landward side of a levee by 
seepage forces. These features indicate that active piping is occurring and the safety of the 
nearby levee is threatened. Seepage lines are approximately linear features where 
underseepage has breached the ground surface. While a limited amount of underseepage is 
generally accepted, excessive seepage along seepage lines is a cause for concern (Kolb, 
1975). 
2.2 Previous Studies 
During a critical review of levee underseepage controls by Wolff (2002) for the US Army Corps 
of Engineers (USACE), the presence of sand boils (an indicator of subsurface erosion) were 
highly correlated to specific local geologic features. These findings appeared to support 
concerns held by the USACE about paleo channel-levee interaction, which were noted as early 
as 1956 (USACE, 1956) (Figure 2.1). These paleo channels (also referred to as channel fill 
deposits) are composed of finer grains than their immediate surroundings and serve as barriers 
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which focus and funnel groundwater flow through the subsurface (Glynn, et al., 2012; Kolb, 




Figure 2.1 Image illustrating intersection of paleo channels and levees (USACE, 1956) 
 
Other important points identified by Wolff (2002) that tied environmental conditions to 
levee performance included the following. 
 Younger boils often occurred near or at the location of old boils. 
 Levee “corners” experienced higher residual head than previously predicted. 
 Correlation between boil formation and hydraulic gradient was weak, and geologic 
conditions are suspected to have a greater influence on boil formation and location than 
hydraulic gradient. 
 Blanket thickness and boil formation appeared to have an inverse correlation. 
 
In the conclusion, Wolff (2002) stated “Although the local geology is identified as being 
of great importance in the development of underseepage problems, in practice it is incorporated 
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into the analysis procedure only in a very indirect and judgmental manner and may often be 
overshadowed by the number-crunching aspects of the design.” (Wolff, 2002) 
In response to concerns over recurring piping events along a 26 kilometer (~16 mile) 
section of Mississippi River levees, Glynn et al. (2012) investigated the potential to predict 
piping events based on a series of geotechnical and geologic factors recorded for the areas 
surrounding the levee. The model was constructed using multivariate logistical regression to 
analyze a series of factors including surficial geologic configuration, net head on the levee, 
vertical permeability of the riverside, landside top blanket, etc. Two important conclusions were 
drawn as a result of this work. First, while the predictive model struggled to remove false 
positives, it showed promise by correctly identifying locations that would suffer from piping 
issues. Second, according to their model the three most important factors for predicting piping 
events were unfavorable geologic configuration, thickness of the top stratum (blanket), and 
effective aquifer grain size (Glynn et al., 2012). 
Land cover has also been connected to the performance of levees. In a recent review, 
many deficiencies in levee performance in 2007 were attributed to woody vegetation located 
adjacent the levee toe (Corcoran et al., 2010). While some of this may be a result of vegetation 
impairing proper maintenance and inspection of levees, tree roots have been known to loosen 
soils and create seepage paths, particularly as they decay leaving behind voids in the soil 
(FEMA, 2005; USBR, 1989; Dise, 1996). Vegetation also provides a habitat for burrowing 
animals which also create voids in nearby embankments and adjacent blanket material (USBR, 




SITE SELECTION AND CHARACTERIZATION 
This chapter reviews the process of selecting the final area for the study. A brief 
characterization of the area is presented to provide contextual understanding of the region and 
its current setting. 
3.1  Study Area 
The study area chosen for this research is composed of four counties adjacent the 
Mississippi River: East Carrol and Madison counties in Louisiana and Issaquena and Warren 




Figure 3.1 Map of Louisiana and Mississippi with the study area outlined in red. 
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The region was chosen for several reasons. First, the four counties contained over 225 
kilometers (~140 miles) of levees running adjacent the Mississippi River. In order to perform the 
statistical methods described in Chapter 4 it was necessary to have a significant stretch of 
levees for analysis. Second, most of the necessary data was freely available to the public 
including satellite imagery, soil data, environmental data and more. Third, data that were not 
open to the public could be obtained through other channels. This included information such as 
the location of levee distress features (i.e. sand boils and seepage lines) and certain maps that 
had to be digitized from scratch in ArcGIS (e.g. levee location, river banks, etc.). Fourth, the 
study area contained several paleo channels in a variety of orientations. The relationship 
between paleo channel orientation and the development of levee distress features was 
considered to be a key point of interest in this study. Finally, a large flood event in 2011 led to 
the development of many sand boils and seepage lines along the levees within this study area. 
The location and extent of these features were necessary to evaluate the proposed 
methodology.  
3.2  Geologic Setting 
The study area is located along the Lower Mississippi River. According to Kolb (1975), 
the region is categorized as a broad alluvial valley averaging 80.5 kilometers (50 miles) in width. 
Along the river the topography is very flat and transitions to hills at its edges. Bedrock is located 
over 122 meters (400 feet) beneath the ground surface. Glacial meltwaters scoured the 
landscape during the last glacial maximum to create this valley. Following the last glacial 
maximum, glacial sands and gravels that remained in the valley were subsequently overlain by 
new sand and gravel deposits which steadily transitioned to sand alone over time. 
The initial appearance of clays and silts in the stratum did not appear until approximately 
10,000 years ago, beginning at the southern end of the valley and working its way northward 
over time. During the same period the Mississippi River transitioned from a shallow, braided, 
anastomosing stream to its more familiar modern, meandering counterpart. Since this time, the 
river has deposited several generations of meander belts resulting in a highly variable 
topstratum sequence of mixed clays, silts, and sands. 
The meander belts range 5-15 kilometers (3-9 miles) in width and consist of active and 
abandoned channels, point bar deposits, and natural levee deposits (Smith, 1996). Prior to the 
construction of artificial levees throughout the region, natural levees formed adjacent the 
Mississippi River as coarse material fell out of suspension near the river banks during frequent 
flooding events. The most developed of these levees occur along the outside bends of a 
meander. Within the Lower Mississippi River Valley these natural levees appear as low ridges of 
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approximately 3-4.5 meters (10-15 feet) in height (Kolb, 1975). The average sedimentation rate 
for levee accretion has been calculated to be as high as 0.3 cm/yr (0.12 in/yr) (Farrell, 1987). 
Today, the natural levee deposits are complexly distributed across the floodplain as a result of 
the continued migration of the Mississippi River. It is common to find artificial levee systems or 
other human construction erected atop natural levee deposits due to their utility as a well-
draining foundation material and topographical high (Smith, 1996). 
The rate of river discharge is distinctly seasonal, with the largest rates occurring in 
spring and late winter. Between 1799 and 1931 before the extensive modern system of levees 
and reservoirs were installed, the Lower Mississippi flooded on average every 2.8 years. During 
this time the average river discharge near Vicksburg, MS at the southeastern end of the study 
area was estimated to be approximately 34,160 m3/s (9,000,000 gal/s) (Hudson, et al., 2008). In 
1717, European, riparian land owners constructed the first series of levees in the Lower 
Mississippi Valley. These structures were typically 1-2 meters (3-7 feet) in height. As more 
levees were constructed and the floodplain narrowed, levee heights gradually rose in order to 
contain the concentrated river flow (Smith & Winkley, 1996). Levee infrastructure continued to 
evolve as a patch-work system of independently managed levee sections through much of the 
18th and 19th centuries. Comprehensive flood management of the Lower Mississippi was finally 
adopted following the largest historical flood in North America in 1927 where peak discharge 





This chapter reviews the methods used in the construction and testing of the MCDM 
system. GIS analysis was performed using ArcGIS 10.3.1. Unless otherwise stated all tools 
utilized within ArcGIS were performed with default tool settings. Statistical analyses were 
performed using Matlab R2015a and Minitab 17 software. 
4.1  Identify Causative Factors 
The first step was to identify the factors of interest for investigation, i.e. causative factors 
(Table 4.1). Factors were chosen for a variety of reasons. It was hypothesized that levee 
sections located closer to the regular river bank may experience greater stress during flood 
events. The resulting hypothesis was that those segments would develop more distress features 
compared to levee sections located farther from the natural river banks. AASHTO soil 
classification, USCS soil classification, liquid limit, plastic index, and the percentage of clay, 
sand, and silt were included to investigate whether or not the soil composition and grain size 
were significant for the development of distress indicators. Hydrologic soil group classification 
and saturated hydraulic conductivity were included because they were both measures of water 
transmission. Materials which reduce the ability for water to move through the subsurface are 
generally assumed to help prevent the development of sand boils and seepage lines. The 
embankment material rating was considered because it reflected the soil material’s ability to 
resist seepage, piping, and erosion in addition to having favorable compaction characteristics 
for the construction of fill in embankments, dikes, and levees. Depth to water table was added 
because it was hypothesized that regions with shallower water tables may indicate regions 
where the flow path may be shorter and the resulting seepage pressures in the subsurface are 
heightened compared to the surrounding region. NDVI was included in order to investigate the 
relationship between vegetation type and the development of levee distress features. 
Paleo channel orientation was considered for two reasons. First, these paleo channels 
are composed of finer grains than their immediate surroundings and serve barriers which focus 
underseepage through the subsurface (Glynn, et al., 2012; USACE, 1956; Kolb, 1975). Second, 
the investigation by Glynn et al. (2012) concluded that their classification system for paleo 
channel orientation was a significant factor in predicting piping events. Applying their system a 
second time serves as a way to test their findings and further investigate the interaction 




Table 4.1 List of environmental factors examined during this study, their source, and their GIS 
features. 
Factor Data Source GIS Feature 
Floodplain Width Aerial Imagery Esri ArcGIS Feature Class 
(Line) 
Paleo Channel Orientation Surficial 
Geology 
USGS Feature Class 
(Polygon) 
Normalized Difference 






AASHTO, USCS, % Clay, % 
Sand, % Silt, Depth to Water 
Table, Embankment Material 
Rating, Hydrologic Soil Group, 
Saturated Hydraulic Conductivity, 









4.2  Data Acquisition and Preparation 
Once the causative factors were identified the next step was to gather the data. Once 
the necessary information was collected the numerical value of each causative factor was 
assigned to its respective section of levee and displayed in tabular form in order to perform the 
logistic regression. 
4.2.1 Levee Delineation 
The first step in levee delineation was to identify the levees of interest and divide the 
levee into many segments. For this study, only levees of similar size running adjacent the 
Mississippi River were considered. 
First, the levee center line (LCL was digitized based on the ESRI World Imagery base 
map.  The result was two LCLs: a LCL running along the eastern bank levee and a second LCL 
along the western bank levee. Both lines followed the length of the levees running adjacent the 
Mississippi River which had a width of approximately 152 meters (500 feet). On the northern 
end, the east bank LCL was truncated where it exited the northern bound of the study area. To 
the south, the east bank LCL stopped where the levee turned away from the Mississippi and 
began to run along a tributary approximately 12.5 kilometers (7.5 miles) Northwest of Vicksburg, 
MS. The west bank LCL was digitized for the full length between the northern and southern 
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bounds of the study area. However, a portion of levee which split off from the digitized LCL 
about 15 kilometers (9.5 miles) down from the northern bound was not digitized. This section of 
levee appeared to be significantly smaller than the rest of the digitized levee system. The 




Figure 4.1 Map showing the study area outlined in red with levees digitized as yellow lines. 
 
 Once the LCL lines were digitized they were split so as to divide the levees into 
segments of approximately 152 meters (~500 feet) each. This decision was based on three 
conditions. First, due to the function of the Split tool it was not possible to divide the LCLs into 
exact lengths unless the process was done piece by piece. Given that the number of segments 
would sum to 1503, the manual division method proved unfeasible due to time constraints. 
Second, the 1503 segments constructed as a result of this splitting method provided a 
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substantial population from which to do later statistical sampling. Third, this method generated a 
new line feature class with an associated attribute table with a format from which the logistic 
regression summary table could be constructed. 
 Once the LCLs were split a series of buffer areas was generated along the LCLs. First, a 
buffer region of 76 meters (~250 feet) stretching out to either side of the LCLs was generated. 
The result was a string of approximately square polygons along the length of the levees 
representing the levees split into levee segments. Three additional buffer regions stretching 152 
meters (~500 feet), 229 meters (~750 feet), and 381 meters (~1250 feet) to either side of the 
LCLs were generated. The levee polygons (the first 76 meters (~250 feet to either side of the 
LCLs) were then erased from the buffer areas. This was done because the areas of interest in 
this study are the regions surrounding the levee, not the levee structure. The result of this clip 
was three buffer regions extending 76 meters (~250 feet), 152 meters (~500 feet), and 305 
meters (~1000 feet) from the edge of the levee structure. All three of the final buffers were 
necessary for calculating the paleo channel orientation rankings according to the Glynn et al. 
(2012) system. The 305 meter (~1000 feet) buffer would be used as the area of interest around 
the levee for evaluating the local conditions (Figure 4.2). 
4.2.2 Floodplain Width Calculation 
Within this study, the floodplain width is defined as the distance between the banks of 
the Mississippi River and the nearest adjacent levee. Assuming the levees are operating 
properly, flooding would be restricted to this area. In order to calculate the floodplain width for a 
particular levee segment two pieces of information were required: the location of the levee 
segment and the location of the nearest river bank. Placement of the levee segments was 
calculated previously during the levee preparation phase. The banks were digitized using the 
same process described for digitizing the LCLs during the levee preparation phase. The Near 
tool in ArcMap was used to calculate the distance between the river bank features and the levee 
segments. The tool operates by calculating the distance between a series of input features (i.e. 
levee segments) and the closest feature of a target layer (i.e. river banks). The results were 
recorded in feet and assigned to the levee segments according to the respective segment 
number. 
4.2.3 Paleo Channel Orientation Calculation 
The first step in calculating channel orientation was to isolate paleo channel deposits 
within the study area. A Quaternary geology map prepared by USACE (Saucier, 1994) was 
digitized as a GIS map by a research team at Mississippi State University. The paleo channel 
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Figure 4.2 Map showing the LCL split into segments and buffered out to generate the yellow 





The channel orientation ranking system used in this study was the same system adopted 
in the 2012 study performed by Glynn et al. (Table 4.2). The system is applicable only geologic 
features composed of fine material that act as a barrier to water moving through the subsurface 
including channel fill deposits and swales. The fine material within these deposits restricts the 
flow of groundwater through the deposit and focuses the underseepage in a different direction. 
The numerical values are built upon previous observations made by the USACE (1956) and 
Kolb (1975) concerning the orientation of these unfavorable geologic features and their 
influence on piping. 
 
Table 4.2 Channel orientation ranking system adopted from Glynn et al. (2012). 
Ranking Description Categorical 
Rating 
0 No unfavorable configuration 0 
0.5 Intersects the levee at an angle > 90˚ 1 
0.6 Exists parallel to the levee between 500-1000 feet 
(152.4-304.8 m) on the land-side of the levee toe 
1 
0.7 Intersects perpendicular with the levee 1 
0.8 Exists parallel to the levee between 250-500 feet 
(76.2-152.4 m) land-side of the levee toe 
1 
0.9 Exists parallel to the levee within 250 feet (76.2 
m) of the levee toe with no overlap 
1 
1.0 Intersects the levee at an angle <90˚ 1 
 
 The Clip tool was used to isolate areas where paleo channels overlapped the buffer 
regions. Next, the paleo channel ranking was manually assigned to the respective levee 
segment based on their orientation where they overlapped the buffer region. A binary paleo 
channel rating was calculated to test the assumptions of the Glynn et al. ranking system (see 
categorical rating in Table 4.2). This second rating system designated all levee segments 
intersecting or within the land-side 1000 foot (304.8 m) buffer with a binary value of one. All 
other segments were assigned the value of zero. 
4.2.4 NDVI Calculation 
NDVI data for this study was generated using Landsat 8 imagery downloaded from the 
USGS EarthExplorer online portal (U.S. Geological Survey Earth Resources Observation and 
Science Center, 2014). The first step to retrieving this data from the portal was to define the 
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search criteria as the area of interest. In this case, a shapefile of the study area was submitted 
as the search criteria. In the second step the L8 OLI/TIRS data set was selected for retrieval. 
Next, images containing more than 10% cloud cover were removed from the search criteria. 
Finally, the results were generated. Two images were selected in order to have Landsat 8 
coverage over the entire study area. 
These images were taken one year apart during the month of July when absorption of 
solar radiation by vegetation is peaking, and NDVI should be most effective in differentiating 
between land cover. The year gap was necessary given significant cloud cover in the Northern 
image during the 2014 year and in the Southern image during 2013. Cloud coverage generates 
error during the NDVI calculation process by preventing the spectral bands measured by the 
Landsat 8 satellite from reaching the Earth’s surface. This error results in a final product that 
identifies cloud coverage as a water feature in the final NDVI map regardless of the actual land 
cover beneath the clouds. The selected pair of images was chosen to provide imagery covering 
the entire study taken at the same time of year and containing minimal cloud coverage. 
Once the optimal images were identified the data package was downloaded. Next, NDVI 
was calculated using the Image Analysis toolbar (Keranen & Kolvoord, 2014) in ArcGIS. Red 
and infrared band information necessary for the calculation was pulled from Landsat bands 4 
and 5 respectively. 
 
Table 4.3 Table indicating the bands measured by Landsat 8 and the associated wavelengths 
(Roy, et al., 2014). 
 
 
 The NDVI image generated by this process contained a border of raster cells where 
NDVI could not be calculated. During the NDVI calculation cells within this border are assigned 
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a value of zero. In order to effectively perform later computations the border was trimmed of 
these values. Once the borders were trimmed the images were merged to generate a single 
NDVI layer for the entire study area. An area of overlap was present between the two images. 
Due to the presence of some cloud cover at the bottom of the Northern image preference was 
given to the Southern image values during the merging process. 
The resulting mosaic image was a raster layer containing the numeric NDVI values for 
the entire study area. However, the NDVI layer was not yet categorized according to land cover. 
In order to determine the range for different NDVI a supervised classification analysis was 
performed by manually sampling and adjusting the ranges to best fit the true foliage setting 










Table 4.4 Table of NDVI categories generated by the supervised classification analysis. 
Land Cover NDVI Range Categorical Rating 
Water -1 – 0.025 1 
Barren Land 0.025 – 0.3 2 
Lightly Vegetated 0.3 – 0.42 3 
Heavily Vegetated 0.42 – 1 4 
 
 The final step in preparing the NDVI data was to assign it to the levee segments. This 
was completed using the Zonal Statistics as Table tool. The tool operates by calculating 
statistical values for a set of raster input criteria in integer form which fall within a defined 
region(s) and outputting the results as a new table. Given that NDVI values ranged between -1 
and 1 it was necessary to convert the data to integer form. This was completed by multiplying all 
values by 1,000,000 followed by converting values to integers by truncation. With the data in 
integer form Zonal Statistics as Table was used to calculate the median value for NDVI in the 
following three conditions. 
1. NDVI within the land-side buffer region 
2. NDVI within the water-side buffer region 
3. NDVI within both the land- and water-side buffer regions 
Due to the fact that approximately 50 raster cells fit within a single buffer region, mean values 
were identified as the best representation of the NDVI value. The mean values from the results 
table were then assigned to their respective levee segment. The values were then divided by 
1,000,000 to return the data to the original NDVI range (-1 to 1). Three new attribute columns 
were then generated and the mean values were converted to their respective NDVI integer 
category (categories listed in Table 4.5). 
4.2.5 SSURGO Data Acquisition and Preparation 
SSURGO data were acquired through the USDA Web Soil Survey portal. Data were 
downloaded by county for the study area. SSURGO instructions were completed to establish 
the database for use in ArcMap. Once all four databases were constructed the soil polygon file 
and Soil Data Viewer tool were opened in ArcMap. Within the Soil data viewer the soil polygon 
file was paired to its respective database. Once paired the causative factors of interest were 
queried according to a series of rating options. For this study the measurement location was 





Table 4.5 List of factors retrieved from SSURGO data and the location of their measurement. 
Factor Location of Measurement 
Depth to Water Table Measured from the ground surface 
Saturated Hydraulic Conductivity Ground surface 
Percent Sand Ground surface 
Percent Silt Ground surface 
Percent Clay Ground surface 
Plasticity Index Ground surface 
Liquid Limit Ground surface 
Hydrologic Soil Group From ground surface to survey depth limit of 
1.5 meters (5 feet) 
Embankment Rating From ground surface to survey depth limit of 
1.5 meters (5 feet) 
AASHTO Soil Classification Ground surface 
USCS Soil Classification Ground surface 
 
With the measurement location defined, data for a single factor was exported as a new 
map. All four maps for a particular factor were then merged into a single layer. The entire 
process from selecting the factor of interest to merging the mapped results was then repeated 
for each causative factor sourced from the SSURGO data set. The outcome was a map for each 
factor of interest covering the entire study area. 
The next step was to assign the SSURGO factors to the levee segments. First, the data 
was converted from vector format (i.e. polygons) to raster format in order to perform zonal 
statistics. Next, the raster data was converted to integer form. For nonnumeric data the 
conversion to integer form was completed using the Reclassify tool to assign a new integer 
value to the unique nonnumeric values. If the numerical data was not already in integer form it 
was converted using a process similar to the NDVI method where the values were multiplied by 
a factor of 10 until all values reached an integer value. Next, these values were converted to 
integer format. The Zonal Statistics as Table tool was then used to calculate the median value 
for each SSURGO factor of interest in the same three conditions as performed during the NDVI 
analysis. 
1. Within the land-side buffer region 
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2. Within the water-side buffer region 
3. Within both the land- and water-side buffer regions 
Approximately 500 raster cells fit within a single buffer region, so the mean values were 
identified as the best representation of the NDVI value. The mean values from the results table 
were then assigned to their respective levee segment. Once joined, numeric values were 
converted back to their original values by dividing by the factor of 10 used previously during 
their conversion process to integer values. 
4.2.6 Levee Distress Feature Preparation 
Underseepage data was provided by the USACE for use in this study (Dunbar, et al., 
2015). The data included the locations of sand boil and seepage lines which developed as a 
result of flooding in the region in 2011. Sand boils data were provided as a georeferenced kml 
file ready to use in ArcGIS. Seepage line data were recorded in a series of pdf maps. Before 
beginning any analysis, the seepage line data were georeferenced. After georeferencing was 
completed, the seepage lines were digitized. 
The next task was to assign a value for the distress features to the levee segments. Due 
to the fact that sand boil and seepage line features could not be definitively assigned to a 
particular levee segment the Kernel Density tool was utilized to generate a density image. The 
result was a raster density image which effectively generated a buffer region of high density 
values around the distress features based on their concentration and location. The search 
radius for the Kernel Density tool was limited to 0.01. This limit was chosen in order for the halo 
of heightened densities to reach from sand boil points to the adjacent levee segment(s) while 
also extending the reach of seepage lines by approximately 1 levee segment. The cell size of 
the raster density layer was defined as 0.005 to strike a preferential balance between resolution 
and computing time. 
 The kernel density was calculated separately for sand boils and seepage lines. The 
results were then converted to an equal scale using the Reclassify tool and summed. Next, 
Zonal Statistics as Table was used to calculate the median of the summed values that fell within 
the levee segments. Median values greater than or equal to 2 indicate that the distress feature 
occurred in the immediate vicinity or multiple distress features were present nearby. Thus, 
segments with a median value greater than or equal to 2 were assigned a binary value of one, 
designating their region as being likely responsible for the nearby distress features. Segments 
with a median value less than 2 were assigned a binary value of zero representing that they 







Figure 4.4 Map showing distress features (turquoise) and the corresponding halo region 




4.2.7 Environmental Data Preparation 
Three environmental attributes were used in this study: wetlands type, forest type, and 
ecophysiography type (Table 4.6). Wetlands data were downloaded by state from the U.S. Fish 
& Wildlife Service National Wetlands Inventory. According to the provided metadata the 
information represents the extent, approximate location, and type of wetlands and deepwater 
habitats as defined by Cowarding et al. (1979). 
The two state maps were then combined and clipped to the study area. The Spatial Join 
and Join Data tools were used to determine the dominant Wetlands Type within the combined 
land- and water- side 305 meter (1000 foot) buffer region and assign it to the respective levee 
segment. To assist later calculations, a categorical integer value was assigned for each unique 
wetlands type (Table 4.7). 
 
Table 4.6 Chart listing the different environment data sets used over the course of the study. 
Attribute Source GIS Feature 
Wetlands Type U.S. Fish & Wildlife 
Service National Wetlands 
Inventory 
Feature Class (Polygon) 
Forest Type USDA Forest Service Raster 
Ecophysiography Type USGS and ESRI Raster 
 




0 No Type Given 
1 Freshwater Emergent Wetland 
2 Freshwater Forested/Shrub Wetland 
3 Freshwater Pond 
4 Lake 
 
 Next, forest data was retrieved from the USDA Forest Service. For this study, the 
National Forest Type Dataset for the contiguous United States was used. The information was 
organized as a raster layer created using the USFS Forest Inventory and Analysis (FIA) 
program and the Remote Sensing Applications Center (RSAC) in order to display the extent, 
distribution and types of forest across the United States. Upon arrival the data was clipped to 
the study area and then converted to polygon vector data using the Raster to Polygon tool. The 
Spatial Join and Join Data tools were then used to determine the dominant forest type within the 
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combined land- and water-side 305 meter (1000 foot) buffer region and assign it to the 
respective levee segment. Just as before with the wetlands data a new categorical integer value 
attribute was calculated for the unique forest types (Table 4.8). 
Finally, world ecophysiographic land units data were acquired from the Esri ArcGIS 
REST Services Directory. The information was generated by a partnership between the USGS 
and Esri in 2015 by combining the most accurate, up-to-date, and finest resolution data for 
bioclimates, landforms, lithology and land cover. Once downloaded, the raster file was clipped 
to the study area and then converted to polygon vector data using the Raster to Polygon tool. 
The same process used to process forest type data was used to convert the ecophysiography 
data to vector format, calculate the dominant type for the buffer region, assign it to the 
respective levee segment, and designate a new representative categorical value (Table 4.9). 
 
Table 4.8 Forest types within the study area and their categorical rating. 
Categorical Rating Forest Type 
0 Blank_ 
1 Baldcypress/Water Tupelo 
2 Cottonwood 
3 Loblolly Pine 
4 Overcup Oak/Water Hickory 
5 Sugarberry/Hackberry/Elm/Green A 
6 Sweetgum/Nuttall Oak/Willow Oak 
7 Sycamore/Pecan/American Elm 
8 Willow 
 
4.3 Application of Probabilistic Statistical Classification Model 
Upon completion of the data acquisition and preparation phase, all the information of 
interest had been gathered into a single summary table. In order to improve the robustness of 
the results from the probabilistic statistical classification model, a series of sample data sets 
were taken from the summary table and used to generate multiple models from which a final 
model would be synthesized. Using Matlab, the full data set was bootstrapped to yield ten 
sample sets by randomly selecting 80% of the levee segment numbers and their associated 
factor values and saving the data as a new table. The sample tables were then imported into 
Minitab for the probabilistic statistical analysis. In Minitab the Fit Binary Logistic Model tool was 
used to perform the logistic regression. The levee distress feature factor was defined as the 
response variable. The remaining variables were split into their appropriate continuous or 
categorical predictor groups as seen in Table 4.10 and then the analysis was run. During the 
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analysis the hydrologic soil group values for land-side and combined land- and water-side buffer 
areas, forest type, ecophysiography type, embankment material rating (land-side sample 7 
only), USCS, and binary paleo channel orientation data were removed due to quasi-complete 
separation of the response variable.  
 




1 Hot Wet Flat Plains Unconsolidated Sediment Closed (>40%) 
broadleaved deciduous forest (>5m) 
2 Hot Wet Flat Plains Unconsolidated Sediment Closed (>40%) 
needleleaved evergreen forest (>5m) 
3 Hot Wet Flat Plains Unconsolidated Sediment Closed to open (>15%) 
(broadleaved or needleleaved, evergreen or deciduous) shrubland 
4 Hot Wet Flat Plains Unconsolidated Sediment Closed to open (>15%) 
herbaceous vegetation (grassland, savannas or lichens/mosses) 
5 Hot Wet Flat Plains Unconsolidated Sediment Closed to open (>15%) 
mixed broadleaved and needleleaved forest (>5m) 
6 Hot Wet Flat Plains Unconsolidated Sediment Mosaic cropland (50-
70%) / vegetation (grassland/shrubland/forest) (20-50%) 
7 Hot Wet Flat Plains Unconsolidated Sediment Mosaic forest or 
shrubland (50-70%) / grassland (20-50%) 
8 Hot Wet Flat Plains Unconsolidated Sediment Mosaic grassland (50-
70%) / forest or shrubland (20-50%) 
9 Hot Wet Flat Plains Unconsolidated Sediment Mosaic vegetation 
(grassland/shrubland/forest) (50-70%) / cropland (20-50%) 
10 Hot Wet Flat Plains Unconsolidated Sediment Rainfed croplands 
11 Hot Wet Smooth Plains Unconsolidated Sediment Closed (>40%) 
broadleaved deciduous forest (>5m) 
12 Hot Wet Smooth Plains Unconsolidated Sediment Closed (>40%) 
needleleaved evergreen forest (>5m) 
13 Hot Wet Smooth Plains Unconsolidated Sediment Closed to open 
(>15%) herbaceous vegetation (grassland, savannas or 
lichens/mosses 
14 Hot Wet Smooth Plains Unconsolidated Sediment Closed to open 
(>15%) mixed broadleaved and needleleaved forest (>5m) 
15 Hot Wet Smooth Plains Unconsolidated Sediment Mosaic vegetation 
(grassland/shrubland/forest) (50-70%) / cropland (20-50%) 
16 Urban or Artificial areas 
17 Water body 
  
According to the Minitab documentation files, quasi-complete separation precludes 
convergence of the maximum likelihood estimates for the coefficients, and prevents the Minitab 
logistic regression calculation from being completed. The error typically occurs when the data 
set is not large enough to account for low probability events, in this case the probability of a 
distress feature developing. There are five methods typically used to address quasi-complete 
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separation error. First, error could be reduced by increasing the amount of data, which would 
entail increasing the study area or splitting the levee segments into smaller pieces in order to 
generate more data points. Increasing the study area was not an option because the levee 
distress feature data was limited to the four counties chosen for this study. Dividing levee 
segments into smaller segments was ruled out due to resolution limitations with some of the 
data. It was decided that shrinking buffer regions would decrease the quality of the data 
retrieved for the logistic regression. 
Second, the separation could be indicating the particular factor is either very significant 
or insignificant at predicting the response variable and a separate investigation into the factor’s 
significance should be pursued. This condition is explored further for the ecophysiography and 
forest types in the MCDM Results discussion. If the original paleo channel orientation factor was 
removed from the logistic regression, the analysis was capable of processing the binary version 
of the paleo channel orientation factor. However, unlike the non-binary values, the resulting p-
values were too high for the binary paleo channel orientation factor to be considered a 
significant predictor. Thus, it is likely that the binary paleo channel orientation factor is not 
significant and its removal will not affect the final results of the logistic regression analysis. No 
separate significance investigations were completed on the hydrologic soil group, embankment 
material rating, or USCS factors. 
Third, combining categories in problematic variables can potentially yield workable data. 
This was not possible for the hydrologic soil group or binary paleo channel orientation data 
because no categories could be combined in a logical manner. Combining forest and 
ecophysiography type subcategories was dismissed as the information would be more 
thoroughly investigated during the MCDM system construction. 
Fourth, subdividing categories in problematic variables can also yield workable data. 
This was not possible for any of the problematic terms because either a more detailed version of 
the respective data was not available from the original source or subdivision was not a viable 
option. 
Fifth, an alternative model could be considered by removing the problematic terms. This 
was the option that was chosen because the logistic regression could be performed once the 
problematic terms were removed. Additionally, results from their sister values in other buffer 
regions would likely provide an approximate reflection of their significance. With the problematic 
factors removed, the logistic regression was run again and the results recorded. 
Factors for the final model were chosen based on their significance for predicting 
distress features. This was done by examining their median p-value across the ten sample 
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models. P-values below an alpha value of 0.05 were considered to be significant. Next, the 
significant factors were analyzed for collinearity and correlation by performing a principle 
components analysis in Minitab. AASHTO factors for the combined buffer area and the land-
side buffer area were identified as being highly collinear during this step. 
 
Table 4.10 List of continuous and categorical factors used as inputs for all sample data sets 
during the logistic regression. With the exception of paleo channel orientation and floodplain 
width, each factor has three separate measures: a land-side value, a water-side value, and a 
combined land- and water-side value. 
Continuous Factors Categorical Factors 
NDVI AASHTO 
Percent Clay USCS 
Percent Silt Embankment Material Rating 
Percent Sand Hydrologic Soil Group 
Liquid Limit  Paleo Channel Orientation 
Plasticity Index Paleo Channel Orientation (Binary) 
Saturated Hydraulic Conductivity NDVI Categorical 
Depth to Water Table Wetland Type 
Floodplain Width Forest Type 
 Ecophysiography Type 
 
 To determine which of the collinear factors should be retained, the Fit Binary Logistic 
Model tool was used to generate three new models. The first model retained all the significant 
factors. The second model omitted one of the collinear factors, and the third model omitted the 
other collinear factor. The resulting three probability functions were then used to generate 
probabilities for levee distress feature development. A series of confusion matrices were then 
constructed to measure the models’ accuracy and rates for true positive, true negative, false 
positive, and false negative predictions. The process of selecting the final model from these 
three options is discussed further in Chapter 5. 
4.4  Development of the MCDM System 
The MCDM was constructed so as to divide environments into three groups based on 
their perceived effect on levee sustainability. For this study, levee sustainability was measured 
by the development of levee distress events. Areas with few distress features were considered 
to be more sustainable because they require fewer resources and attention to be maintained 
over the course of their lifetime. Regions where sand boils and seepage lines develop at greater 
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frequency are considered to be less sustainable due to the effort and resources necessary to 
maintain the levee. 
Minitab multivariate cluster analysis was used to divide environments into sustainability 
groups. The percentage of observed distress events and predicted distress events were used 
as inputs for the cluster analysis. Complete linkage method and Euclidean distance measure 
options were selected. The desired number of clusters was defined as three. The sustainability 
ratings were then assigned the appropriate environment cluster. 
 
Table 4.11 Environment sustainability ratings and their description. 
Sustainability Rating Description 
High Environment contains a low number of 
observed and predicted distress events 
Moderate  Environment shows no significant trend 
concerning predicted or observed distress 
events 
Low Environment contains a high number of 






RESULTS AND DISCUSSION 
This chapter reviews the results of the methodology presented in Chapter 4 and 
provides a brief discussion concerning their significance. The chapter closes with a series of 
suggestions for future investigation. 
5.1 Data Preparation  
 Results from the data acquisition and preparation stage may be found in the electronic 
files described in Appendix B. Over the course of their construction a series of observations 
were made. First, although the NDVI analysis was effective at dividing land cover within the 
study area into appropriate land cover categories, it did not consistently identify standing water. 
The most common error was identifying sections of oxbow lakes as lightly vegetated land, 
probably due to dense growths of algae or other plant matter within the standing water. This 
error was almost nonexistent in areas of moving water, such as in the Mississippi River. Thus, 
NDVI values for segments immediately adjacent oxbow lakes may be artificially high. Second, 
unless otherwise described in Table 4.5 (page 18) values derived from SSURGO data were 
representative of the surface layer of soil. Third, within this study area, seepage lines tended to 
form near the land-side toe of the levee. The location of sand boils would vary from immediately 
adjacent the land-side of the levee adjacent the toe to several hundred feet from the levee 
structure. Additionally, the appearance of sand boils did not always coincide with the 
development of seepage lines nearby or vice versa.  
5.2 Logistic Regression Results 
Table 5.1 shows the p-values for each predictive factor in each sample set. Table 5.2 
lists the significant factors for predicting distress events based on the median p-value from 
Table 5.1. 
The significance of the paleo channel orientation rating supports the findings by Glynn et 
al. (2012). The remaining factors in Table 5.2 have not previously been identified as significant 
predictors. The presence of land- and water-side NDVI factors and wetland type appears to 
indicate that the type of ground cover surrounding the levee may have an effect on the 
development of distress features.  
Although the wetland type was a significant predictor, the factor was removed from 
further consideration for construction of the logistic regression. This was done to avoid double-










Table 5.2 List of significant factors for predicting the development of levee distress features. 
Factor Buffer Region 
NDVI Water-side 
NDVI Categorical Land-side 
AASHTO Water, Land, and Combined 
Saturated Hydraulic Conductivity Combined  
Paleo Channel Orientation Rating NA 
Wetland Type NA 
 
 In order to measure collinearity and remove redundant variables from the remaining 
factors, a principal component analysis was performed (Figure 5.1).  In this analysis, the 
AASHTO combined and land-side factors plotted closely together on the loading plot. This 
indicated that the two factors were highly collinear and that one of the factors would be 
redundant if incorporated into the final predictive model. The rest of the vectors displayed in the 




Figure 5.1 Loading plot generated by the principle component analysis for significant factors 




To determine if and which of the two collinear factors should be removed three additional 
logistic regressions were performed. A series of confusion matrices were then generated in 
order to compare the performance of each model. The accuracy, true positive rate (TPR), true 
negative rate (TNR), false positive rate (FPR), and false negative rates (FNR) (Equations 5.1-
5.5) were calculated for a series of cutoff percentages (Tables 5.4-5.6). � � =  � � � � � �  � �� � �� �  (5.1) � � =  � � ���� � �  � �� � �� �  (5.2) � � =  ��� � � � � �  � �� � �� �  (5.3) � � =  ��� � ���� � �  � �� � �� �  (5.4) �������� = ���+���� �� � �� �   (5.5) 
 
Table 5.3 Results of confusion matrix at multiple cutoff percentages for logistic regression model 
constructed from all significant factors. 
All Significant Factors Included 
Cutoff % Accuracy TPR TNR FPR FNR 
0.5 59 79 40 60 21 
1 60 76 44 56 24 
2 61 63 60 40 37 
5 61 63 60 40 37 
10 62 60 65 35 40 
11 63 59 66 34 41 
12 62 57 68 32 43 
20 62 45 78 22 55 
30 59 32 85 15 68 
40 58 26 89 11 74 
50 58 23 92 8 77 
60 58 21 94 6 79 
70 57 19 94 6 81 
80 56 17 95 5 83 
90 53 8 97 3 92 
100 50 0 100 0 100 
 
The maximum accuracy between models varied by only 1%. The model which 
consistently predicted fewer false negatives was considered to be the better option. The false 
negative rate was chosen as an important deciding factor because missing the development of 
a levee distress feature was considered to be of greater importance than incorrectly identifying a 
region as being likely to develop a distress feature (false positive). 
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Table 5.4 Results of confusion matrix at multiple cutoff percentages for logistic regression model 
constructed from all significant factors minus AASHTO (combined). 
AASHTO (Combined) Removed 
Cutoff % Accuracy TPR TNR FPR FNR 
0.5 56 87 26 74 13 
1 58 85 32 68 15 
2 58 82 35 65 18 
5 59 74 45 55 26 
10 61 67 55 45 33 
14 62 62 62 38 38 
15 62 61 63 37 39 
16 62 58 65 35 42 
17 62 57 67 33 43 
18 62 56 67 33 44 
20 60 52 69 31 46 
30 60 43 77 23 57 
40 58 33 83 17 67 
50 59 27 91 9 73 
60 58 24 93 7 76 
70 58 21 94 6 79 
80 57 19 94 6 81 
90 57 18 95 5 82 
100 50 0 100 0 100 
 
Table 5.5 Results of confusion matrix at multiple cutoff percentages for logistic regression model 
constructed from all significant factors minus AASHTO (land-side). 
AASHTO (Land-side) Removed 
Cutoff % Accuracy TPR TNR FPR FNR 
0.5 58 84 32 68 16 
1 58 84 32 68 16 
2 57 82 33 67 18 
5 59 74 44 56 26 
10 60 70 50 50 30 
20 60 64 57 43 36 
30 61 57 66 34 43 
31 62 55 68 32 45 
40 61 45 77 23 55 
50 59 35 83 17 65 
60 57 27 86 14 73 
70 56 22 89 11 78 
80 53 9 95 5 91 
90 52 6 97 3 94 




The second model (with AASHTO Combined removed) was selected as the final logistic 
regression model for three reasons. First, it produced consistently lower false negative 
prediction rates compared to the other two models. Second, despite having a lower FNR the 
model maintained a maximum accuracy essentially equal to the other models. Third, at the 14% 
cutoff percentage the model correctly predicted the true presence and lack of distress features 
at greater than 60% and reduced both false prediction rates to below 40%. The accuracy 
percentage at this cutoff also indicates that the status of distress features can be predicted with 
moderate success. Below is the final series of predictive equations. �� = �� + . �� − . �� − . �� − . �� − . ��  − . ��  (5.6) 
 �� = �� + . �� + . �� − . �� − . �� + . ��  − . ��  (5.7) 
 ���� = ���� + . ���� − . ���� − . ����  (5.8) 
 = + . − . − . − . + . − .  (5.9) 
 �’ = . + . ���� − . � � + �� + �� + ���� +  (5.10) 
 =  ��′+��′ (5.11) 
 
Where P is the probability of a distress feature developing along the levee segment, NDVIW is 
the value of the water-side NDVI, Ksat is the representative saturated hydraulic conductivity at 
the ground surface for the combined water- and land-side buffer areas, AW1-6 is the categorical 
value for the AASHTO rating in the water-side buffer area, NDVIC1-4 is the categorical value for 
NDVI for the land-side buffer area, AL1-6 is the categorical value for  the AASHTO rating in the 
land-side buffer area, and O0,5-10 is the categorical value for the paleo channel orientation rating. 
Using equations 5.10 and 5.11 the final probabilities for each levee segment were calculated. 






Figure 5.2 Histogram of probabilities calculated using the logistic regression predictive 
equations. The black line at 14% is the cutoff percentage selected for predicting whether or not 
a segment is expected to develop a distress feature. 
 
A series of relationships between factor values and their effect on predicted probability of 
distress features can be pulled from the final logistic regression model (Table 5.6). First, for both 
continuous variables (water-side NDVI and combined land- and water-side saturated hydraulic 
conductivity) increasing the value results in an increase in the probability of a distress feature. 
However, the probability is more sensitive to increases in the saturated hydraulic conductivity 
value than the water-side NDVI. 
The effect of categorical land-side NDVI values is almost opposite of the continuous 
water-side NDVI effect. On the land-side, both vegetation types reduce the probability of a 
distress feature developing while barren land sharply increases the probability. 
In general, AASHTO classifications for fines on the water-side of the levee reduce the 
probability of distress features. On both the land- and water-sides the presence of A-2-4 
(silty/clayey gravel and sand) increases the probability of distress features. The effect of fine 
material on the land-side was more mixed. A-4 (silty soil) and A-6 (low plasticity clay) no longer 
significantly affected the predicted probability, and A-7-5 (high plasticity clay) sharply increases 
the probability of a distress feature. It is unclear why the A-7-5 has the opposite effect on the 
predicted probability as the other two high plasticity clays for the land-side AASHTO 
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classification. For each case the AASHTO rating can be traced back to over 120 levee 
segments, so it is unlikely that the discrepancy can be attributed to the sample size. 
 
Table 5.6 List of significant predictors and their effect on the probability generated by the logistic 
regression model. 
Factor Description Effect on Predicted 
Probability 
Sample Size (# 
of Segments) 
Water-side AASHTO A-2-4, Silty/clayey gravel 
and sand 
Moderately Increases 43 
 A-4, Silty soil Sharply Reduces 246 
 A-6, Low plasticity clay Moderately Reduces 106 
 A-7, High plasticity clay Sharply Reduces 25 
 A-7-5, High plasticity clay Sharply Reduces 272 
 A-7-6, High plasticity clay Sharply Reduces 398 
Land-side AASHTO A-2-4, Silty/clayey gravel 
and sand 
Sharply Increases 46 
 A-4, Silty soil No Significant Effect 239 
 A-6, Low plasticity clay No Significant Effect 506 
 A-7, High plasticity clay Sharply Reduces 126 
 A-7-5, High plasticity clay Sharply Increases 158 
 A-7-6, High plasticity clay Sharply Reduces 255 
Paleo Channel 
Orientation 
0 No Significant Effect 914 
 0.5 Moderately Increases 193 
 0.6 Sharply Reduces 68 
 0.7 Sharply Reduces 82 
 0.8 Sharply Reduces 25 
 0.9 Sharply Increases 12 
 1 Sharply Reduces 209 
Land-side NDVI Water No Significant Effect 8 
 Barren Land Sharply Increases 59 
 Lightly Vegetated Sharply Reduces 175 
 Heavily Vegetated Moderately Reduces 1261 










Finally, the effects of individual paleo channel orientation ratings on the predictive model 
varied considerably. According to the system adopted by Glynn et al. (2012) (Table 4.2), an 
increase in the value of the orientation ranking should correlate with a higher likelihood of 
distress features developing. This trend does not hold true for the logistic model in this study. 
Only ranks 0.5 (channel intersects the levee at an angle greater than 90 degrees) and 0.9 
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(channel exists parallel to and within 76 meters [250 feet] of the land-side levee toe) increase 
the probability of distress features. The remaining ratings either reduce the probability or have 
little effect. 
Next, the percentage of predicted and observed distress features were plotted versus 
their segment’s environment type (Figures 5.3 and 5.4). Some environment types contained 
fewer than 32 segments and were considered to have a sample size too small to provide an 
accurate statistical illustration of the relationship between the environment and development of 
levee distress features. Thus, these environments were omitted from Figures 5.3 and 5.4. Table 
5.7 shows the final list of environment types with sample sizes considered to be large enough 
for inclusion in the MCDM. 
 
Table 5.7 List of environment types with the number of segments with which the type is 
associated. The full list of wetlands, forest, and ecophysiography types are located in Tables 
4.7-4.9 of subsection 4.2.7 of this report. 
Environment Type 
Sample Size (No. of 
Segments) Description 
Wetlands_1 34 Freshwater Emergent Wetland 
Wetlands_2 708 Freshwater Forested/Shrub Wetland 
Wetlands_3 119 Freshwater Pond 
Wetlands_4 163 Lake 
Forest_5 413 Sugarberry/Hackberry/Elm/Green A 
Forest_6 134 Sweetgum/Nuttall Oak/Willow Oak 
Forest_7 48 Sycamore/Pecan/American Elm 
Ecophysiography_1 225 
Hot Wet Flat Plains Unconsolidated Sediment Closed 
(>40%) broadleaved deciduous forest (>5m) 
Ecophysiography_2 569 
Hot Wet Flat Plains Unconsolidated Sediment Closed 
(>40%) needleleaved evergreen forest (>5m) 
Ecophysiography_4 200 
Hot Wet Flat Plains Unconsolidated Sediment Closed 
to open (>15%) herbaceous vegetation (grassland, 
savannas or lichens/mosses) 
Ecophysiography_5 142 
Hot Wet Flat Plains Unconsolidated Sediment Closed 
to open (>15%) mixed broadleaved and needleleaved 
forest (>5m) 
Ecophysiography_6 43 
Hot Wet Flat Plains Unconsolidated Sediment Mosaic 
cropland (50-70%) / vegetation 
(grassland/shrubland/forest) (20-50%) 
Ecophysiography_9 125 
Hot Wet Flat Plains Unconsolidated Sediment Mosaic 
vegetation (grassland/shrubland/forest) (50-70%) / 
cropland (20-50%) 








Figure 5.3 Graph plotting the observed percent of events (distress features) and nonevents (no distress features) versus the 
environment type. Individual bars illustrate the percentage of segments which fell within an environment that either possessed a 

























Figure 5.4 Graph plotting the predicted percent of events (distress features) and nonevents (no distress features) versus the 
environment type. Individual bars illustrate the percentage of segments which fell within an environment that were predicted to 






















5.3 MCDM Results 
Following the logistic regression, a Minitab cluster analysis was performed on the 
observed and predicted distress feature event percentages from Figures 5.3 and 5.4. Figure 5.5 
shows the resulting dendrogram used to group similarly performing environment types into their 
MCDM sustainability groups. The dendrogram shows that there was very little difference in the 
observed and predicted occurrence of distress features for most environment types. Only 
Forest_6, Forest_7, and Ecophysiography_17 differed significantly from the majority. Forest_6 
had significantly fewer observed and predicted distress events compared to the other 
environment types. Forest_7 and Ecophysiography_17 had significantly more observed and 




Figure 5.5 Dendrogram splitting environment types into three groups based on the observed 
and predicted event percentage for levee segments. The dendrogram was generated using a 
complete linkage, Euclidean distance cluster analysis in Minitab.  Environment numbers are 
defined in Table 5.8.  
 
An interesting note is the number of segments with which each water body group is 
associated. The ecophysiography water body designation (environment number 14 in Figure 
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5.5) was calculated as the dominant condition along 58 segments, a relatively small sample size 
when compared to the 119 and 163 segments for freshwater ponds (number 3) and lakes 
(number 4), respectively. This indicates a large disparity between what the two sources are 
labeling as water bodies. Looking back at the GIS data for each layer, the wetlands data 
(numbers 1-4) have a much higher resolution than the ecophysiography data and would be 
expected to generate more accurate results. As a result, the low sustainability rating for regions 
associated with the ecophysiography water body type is likely not as representative of the 
relationship with distress feature development as the medium ratings derived from the wetlands 
type water body data. 
The low sustainability rating for sycamore, pecan, and American elm forest (number 7) 
was another interesting result. Of all the environment types, this subset of forest showed the 
strongest positive correlation with distress feature development. However, it should be noted 
that the sample size for this type of forest was only 48 segments. The reasoning behind this 
relationship is not currently known, but it is likely that the relationship is indicating one of two 
results. First, the forest could grow best in the conditions that often lead to seepage lines and 
sand boils. Second, the trees may be more directly assisting the development of seepage 
pathways through the subsurface. Additional research will be necessary to determine which, if 
either, of the previous hypothesis is correct. 
On the other end of the spectrum, sweetgum, nuttal oak, and willow oak forest 
(Forest_6) were rated as the only highly sustainable environment type. From the observed data 
over 70% of segments surrounded by this forest type did not have seepage lines or sand boils 
develop in the vicinity. The forest type was also associated with a healthy sample size of 134 
segments. Once again, the reasoning behind this relationship is not known and may be due to 
the forest being an indicator for local conditions less suitable for the formation of sand boils and 
seepage lines, or due to a more direct relationship between the trees and the development of 
seepage pathways. 
The remaining environment types fell into the medium sustainability rating. These 
environment types did not show a particularly strong trend towards events or nonevents. The 
two exceptions were for freshwater emergent wetlands and lakes in Figure 5.4. However, this 
result occurred using the predicted probability data and did not hold up when compared to the 










Environment Type Cluster 
Sustainability 
Rating Description 
1 Wetlands_1 1 Medium Freshwater Emergent Wetland 
2 Wetlands_2 1 Medium Freshwater Forested/Shrub Wetland 
3 Wetlands_3 1 Medium Freshwater Pond 
4 Wetlands_4 1 Medium Lake 
5 Forest_5 1 Medium Sugarberry/Hackberry/Elm/Green A 
6 Forest_6 2 High Sweetgum/Nuttall Oak/Willow Oak 
7 Forest_7 3 Low Sycamore/Pecan/American Elm 
8 Ecophysiography_1 1 Medium 
Hot Wet Flat Plains Unconsolidated Sediment 
Closed (>40%) broadleaved deciduous forest 
(>5m) 
9 Ecophysiography_2 1 Medium 
Hot Wet Flat Plains Unconsolidated Sediment 
Closed (>40%) needleleaved evergreen forest 
(>5m) 
10 Ecophysiography_4 1 Medium 
Hot Wet Flat Plains Unconsolidated Sediment 
Closed to open (>15%) herbaceous vegetation 
(grassland, savannas or lichens/mosses) 
11 Ecophysiography_5 1 Medium 
Hot Wet Flat Plains Unconsolidated Sediment 
Closed to open (>15%) mixed broadleaved and 
needleleaved forest (>5m) 
12 Ecophysiography_6 1 Medium 
Hot Wet Flat Plains Unconsolidated Sediment 
Mosaic cropland (50-70%) / vegetation 
(grassland/shrubland/forest) (20-50%) 
13 Ecophysiography_9 1 Medium 
Hot Wet Flat Plains Unconsolidated Sediment 
Mosaic vegetation (grassland/shrubland/forest) 
(50-70%) / cropland (20-50%) 
14 Ecophysiography_17 3 Low Water body 
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5.4 Logistic and MCDM Model Review 
 With only 62% prediction accuracy, the logistic model shows promise, but it is not a 
reliable, independent tool for predicting the development of sand boils and seepage lines. In its 
current form, the model may serve as an accessory method for evaluating levee systems. 
Depending on the needs of the user, the model has the ability to be optimized to fit the needs of 
the user, particularly with the selection of the cutoff percentage. The effects of individual factors 
on the model outcome can be reviewed in Table ______. The effects of water-side AASHTO 
and combined-sides hydraulic saturated conductivity agree with current observations 
concerning local conditions and the development of distress features. The effects of land-side 
AASHTO values on predicted probability potentially indicate a more complex relationship than 
previously considered. The results also supported the previous finding by Glynn et al. (2012) 
that unfavorable geologic orientation is a significant factor for identifying the location of sand 
boils. This result is particularly noteworthy because the study by Glynn et al was performed in a 
different geologic setting (Middle Mississippi River Valley versus the Lower Mississippi River 
Valley). However, examining the effect of each orientation category on the predicted probability 
indicates that rankings 0.5 and 0.9 are the only orientations that significantly increase the 
probability of a distress feature for this study. 
 The MCDM is constructed from a series of relationships between the spatial distribution 
of distress features, the predicted distribution of distress features generated by the logistic 
model, and the placement of a variety of local environments. The final model was formed by 
examining the correlations between these three pieces of information. The MCDM indicates that 
the environment surrounding the levee generally has a no significant correlation with the 
development of distress features. However, in the case of forest plots composed of sweetgum, 
nuttal oak, and willow oak, there was a significant correlation with fewer distress features. 
Further investigation is necessary before anything can be said about whether the environments 
which significantly correlated with distress feature development are actively system or are 
merely an indicator of conditions that lead to distress feature development. Regardless, the 
MCDM system is the first to correlate environment types to the development of sand boils and 
seepage lines. 
5.5  Future Work 
 The results of this study indicate that there are still many pathways which need to be 
explored. A first step would be to reapply the system describe in this report at a second site 
immediately north or south of the study area along the Mississippi River. During construction of 
the final logistic regression model a bootstrap sampling method was used to test the 
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significance of the individual causative factors, but the results of the MCDM system have yet to 
be validated by a second data set.  Applying the system to a second, similar site would allow for 
three useful developments. First, the results from both sites can be compared to see if the 
patterns and conclusions in this report are verified. Second, data gathered from the second site 
may be used to expand the sample size for individual environment types. Some environment 
types had to be removed from the MCDM system because the sample size was too small. A 
second site might provide enough additional data points to allow for the environment’s inclusion 
in the MCDM analysis. Third, a second site may expand the number of environment types which 
can be included in the MCDM system. 
 Another option would be to perform the same study using a set of levee distress feature 
data derived from a different flooding event. Both the logistic regression and the MCDM system 
were based on the results of a single flood event in 2011. Wolff (2002) noted that younger sand 
boils typically form at the location of old boils. This pattern could be accounted for within the 
logistic regression model with the addition of distress feature data from multiple flood events. It 
is expected that the inclusion of this factor would improve the ability of the model to predict 
distress feature development. Furthermore, analyzing the different groups of distress features 
(sand boils and seepage lines) separately also has the potential to improve the predictive 
model. 
Additional avenues for investigation should include performing a similar investigation for 
levees residing in different geological settings such as river deltas and coastal regimes. The 
environments and factors used in this study are likely limited to the Lower and Middle 
Mississippi Valley. Investigating additional geologic settings will likely improve the applicability of 
the final models to a variety of locations. 
The buffer distance of 305 meters (1000 feet) used to assign data to levee segments 
was selected in large part because it was the maximum area of interest used during the 
investigation by Glynn et al (2012). It is possible that analyzing a different buffer area may prove 
to be more effective than the one adopted for this study, and it is encouraged that future efforts 
investigate what is the most effective buffer area for analysis or at what distance from the levee 
the effect of the environment begins to diminish. Future work should also attempt to take into 
consideration environmental factors at multiple depths. 
 Given more time and testing, the MCDM system and logistic regression model have the 
potential to become useful design and assessment tools. The two models would effectively be 
used to generate maps which categorize regions according to how sustainable they are for 
levees. Concerning design, the maps could be used to assist individuals in deciding the optimal 
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placement for new levee structures, decreasing the cost of levee maintenance over the 
structure’s lifetime.  The tools could also be used to assess current systems by identifying levee 
sections which are expected to experience a greater frequency of distress feature development. 
Knowing which levee sections are expected to encounter underseepage problems would also 






This research demonstrates that certain soil, geologic, and land cover characteristics 
correlate with the development of sand boils and seepage lines. Significant factors for predicting 
the development of these distress features were: 
 NDVI rating on the water-side of the levee. 
 NDVI categorical rating on the land-side of the levee. 
 AASHTO rating of the soil surrounding the levee. 
 Saturated hydraulic conductivity of the soil surrounding the levee. 
 Paleo channel orientation rating of the levee segment. 
The empirical models used to predict the development of levee distress features 
correctly predicted distress feature development with up to 62% accuracy. Given this moderate 
success it is likely that a more accurate prediction method would require additional 
considerations beyond the significant factors identified within this study. 
Following the logistic regression, a cluster analysis was performed to organize wetland, 
forest, and ecophysiography environments into sustainability groups. The criteria used for 
construction of the cluster analysis were the percentage of observed distress features and 
percentage of predicted distress features within each environment. This analysis indicated that 
forests composed of sweetgum, nuttal oak, and willow oak correlated with the development of 
significantly fewer distress features than the other environments. Thus, this forest type was 
rated as being highly sustainable for levee construction and maintenance. Forest plots 
composed of sycamore, pecan, and American elm trees and water bodies identified by the 
ecophysiography data correlated with the development of significantly more distress features 
than the other environments. These two types were rated as having low sustainability for the 
construction and maintenance of levees. The remaining environments were given a moderate 
rating. 
 While these results are promising, the models generated over the course of this study 
are not considered to be accurate enough to address the challenges to current levee systems. 
Given further development and an expansion of our knowledge of levee-environment 
interactions, future models may become useful tools capable of improving our ability to assess, 
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Table A-1 Summary of Landsat 8 data retrieved for NDVI calculations. 
Relative Location Date Taken Path Row 
Northern Area 7/2/2013 23 37 
Southern Area 7/5/2014 23 38 
 
Table A-2 Three division system generated for distress feature probabilities. The intervals were 
calculated using a geometric distribution bin generator in ArcGIS. 
Rating for Probability 









Figure A-1 Graph plotting the percentage of probability type versus the environment type within 























Figure A-2 Map showing local paleo channels and a series of levee segments colored according 






Figure A-3 Map showing a series of levee segments colored to reflect the floodplain width value 




















































































Figure A-17 Map showing a section of the levee system and local ecophysiography types (see 










SUPPLEMENTAL ELECTRONIC FILES 
The supplemental electronic files contain a variety of information both created and consolidated 
over the course of this study. Included is the GIS database containing the full collection of maps 
and spatial data. Results from the multiple statistical analyses are also included in a series of 
Excel and Minitab worksheets. 
 
Data File Description 
Data Summary Table Excel file containing the full levee segment dataset 
used during the probabilistic statistical analysis in 
addition to various display figures and calculations 
discussed over the course of this report.  
Matlab_Work Matlab files containing the code used to generate 
multiple sample datasets for the logistic regression 
and the associated inputs and results. 
Levee_Bootstrap Models Excel file containing the ten sample datasets used 
during the logistic regression. 
Semmens_Geodatabase Geodatabase containing the results of the GIS analysis 
including all information used to generate maps for 
this report. 
Minitab_Work A series of Minitab files containing the results of the 
Minitab statistical analyses. 
Thesis_Map ArcMap file linked to final layers discussed in the 
thesis. 
 
